Recent investigations showed that most maize genes are present in compositional fractions of nuclear DNA that cover only a 1-2% GC (molar fraction of guanosine plus cytosine in DNA) range and represent only 10-20% of the genome. These fractions, which correspond to compositional genome compartments that are distributed on all chromosomes, were collectively called the ''gene space.'' Outside the gene space, the maize genome appears to contain no genes, except for some zein genes and for ribosomal genes. Here, we investigated the distribution of genes in the genomes of two other Gramineae, rice and barley, and used a new set of probes to study further the gene distribution of maize. We found that the distribution of genes in these three genomes is basically similar in that all genes, except for ribosomal genes and some storage protein genes, were located in gene spaces that (i) cover GC ranges of 0.8%, 1.0%, and 1.6% and represent 12%, 17%, and 24% of the genomes of barley, maize, and rice, respectively; (ii) are due to a remarkably uniform base composition in the sequences surrounding the genes, which are now known to consist mainly of transposons; (iii) have sizes approximately proportional to genome sizes, suggesting that expansion-contraction phenomena proceed in parallel in the gene space and in the gene-empty regions of the genome; and (iv) only hybridize on the gene spaces (and not on the other DNA fractions) of other Gramineae.
Previous investigations on angiosperms showed that their nuclear genomes are characterized by a compositional compartmentalization (1, 2) and that their nuclear genes may be contained in compositional compartments that cover only a narrow GC (molar fraction of guanosine plus cytosine in DNA) range (3) . Recent work on the distribution of genes in the nuclear genome of maize (4) showed that the 20 probes used localized genes in compositional compartments (collectively called the gene space) that covered a 1-2% GC range and represented 10-20% of total nuclear DNA. Some zein genes detected by the zein probe used and ribosomal genes were, however, located in compartments lower and higher in GC, respectively, compared with all other protein-encoding genes tested. The gene distribution of the maize genome is very different from that found in the human genome. Indeed, the latter, which has a comparable haploid size and a similar compositional distribution of DNA molecules and coding sequences, has its genes distributed over its entire 30% GC range, although in a remarkably nonuniform way, most genes being located in the GC-rich regions of the genomes (5) (6) (7) .
A question raised by the existence of the gene space of the maize genome is whether this particular gene distribution is shared by other plants of the family Gramineae (or Poaceae) and by other angiosperms. Here, we report results obtained for rice (from the Oryza group of the subfamily Bambooideae) and for barley (from the Triticum group of the subfamily Pooideae) and show that they are similar to those found in maize (from the Zea group of the subfamily Panicoideae). These results show, therefore, that gene spaces characterized by a remarkably uniform base composition exist in the genomes of all subfamilies of Gramineae. Moreover, the gene space of one Gramineae cross-hybridizes only with the DNA fractions corresponding to the gene spaces of other Gramineae and not with other fractions, a result which could be explained by the greater divergence of repeated vs. single copy sequences (8) (9) (10) . These observations open the way to the in situ localization of the gene space on the chromosomes of Gramineae. In addition, gene enriched DNA fractions corresponding to the gene space can be prepared and used for cloning, mapping, and sequencing.
MATERIALS AND METHODS
Plants and DNA Preparations. Maize cv. F 7 ϫ F 2 and wheat cv. Cidéral were from the Institut National de la Recherche Agronomique, Versailles, France, and barley cv. Alexis, irrigated rice cv. Cigalon, and pluvial rice cv. Erat104 were from the Centre de Coopération International en Recherche Agronomique pour le Développement, Montpellier, France. Nuclear DNA was prepared from etiolated seedlings according to ref. 11. The sizes of DNA molecules were estimated by pulse field gel electrophoresis (PFGE) to be comprised between 50 and 100 kb.
DNA Fractionation and Gene Localization. The nuclear DNAs of the four Gramineae were fractionated by preparative centrifugation in Cs 2 SO 4 density gradients in the presence of 3,6-bis (acetatomercurimethyl)-1,4-dioxane (BAMD) as described (12) . DNA fractions (usually 12-13) were then dialyzed, digested with EcoRI (Boehringer Mannheim), submitted to electrophoresis in 0.8% agarose gels, transferred to Hybond N ϩ filters (Amersham), hybridized with probes that were radioactively labeled (13) by use of a random priming kit (Amersham), and purified with use of microspin S-200 HR columns (Pharmacia). The intensities of the hybridization signals were quantitated with use of the software of Wayne Raband (National Institutes of Health, Bethesda) to assess the distribution of sequences probed in the DNA fractions. As in previous work (1) (2) (3) (4) , proportional loading of DNA fractions on the gels was used (see legend of Fig. 1 ). Although the principle of proportional loading is well established, in practice there may be errors associated with estimating DNA amounts in fractions. These errors were minimized, however, by using large initial DNA samples (500 g) and by checking the amounts of DNA loaded on the gels. GC levels of DNA fractions were determined by analytical centrifugation in CsCl gradients.
A more precise and much faster determination of the buoyant density of DNA fragments carrying the genes probed was achieved by a different procedure (14) , in which nuclear DNA and two buoyant density markers (the DNAs of phages and T4) are centrifuged to equilibrium in a vertical rotor using very shallow CsCl density gradients. CsCl fractions were then transferred to positively charged nylon membranes, with use of a dot blot apparatus (Schleicher & Schuell), and probed as described (13) . An advantage of this approach is that proportional loading of the fractions is obtained automatically by collecting equal-volume fractions; a disadvantage is the fact that fractions are too small to lend themselves to further investigations (such as analytical CsCl ultracentrifugation).
Probes. The maize probes used were cDNAs and expressed sequence tags obtained from D. de Vienne (Station de Genetique Vegetale, Gif-sur-Yvette, France) and T. Musket (University of Missouri, Columbia, MO). The rice and barley probes were cDNAs obtained from S. MacCouch (Cornell University, Ithaca, NY). In the case of barley, two hybridizations were done with maize probes. Many of the cDNAs and expressed sequence tags used in this work corresponded to unknown sequences. Probes were prepared either by PCR amplification with use of M13 universal and reverse primers (Pharmacia), or by plasmid digestion with appropriate restriction enzymes and purification by electroelution. Heterologous hybridizations of the Cs 2 SO 4 ͞BAMD fractions corresponding to the gene space of some Gramineae were carried out on DNA fractions of other Gramineae as just described.
Determination of the Gene Space Size. The gene space size was calculated as the percentage of the surface delimited by the analytical CsCl profile of total DNA that encompassed the modal buoyant densities of the DNA fractions hybridizing the gene probes. In estimating the gene space size, one should be careful about the following points. (i) The CsCl profiles should be close to those expected for DNA molecules of infinite molecular weight at zero DNA concentration. This situation is approached by determining the CsCl profiles on DNA having molecular weights in the 50-100 kb range and concentrations of 2 g͞ml. Deviations from these ideal conditions will spread the profile and lead to an underestimate of the size of the gene space.
(ii) The probes used to determine the buoyant densities of DNA molecules carrying the genes may miss genes located on molecules having buoyant densities near the boundaries of the gene spaces simply because these genes located at the tails of the distribution may be absent in the small probe samples used. This will also lead to underestimating the gene space. This problem may, however, be overcome by crosshybridization experiments involving fractions corresponding to the gene space (see Discussion). (iii) DNA molecules carrying no genes, like the vast majority of those located outside compartments of the gene space, may also occupy the same GC range as the gene space and overlap with it. This Kinase, protein kinase; RNP1, chloroplast binding protein; ATP1, ATPase; Clx1, calenexin; Eno1, enolase1; Grx1, Glutaredoxin; Rubisco, ribulose-1.5-biphosphate carboxylase; NDME, NADPdependent malic enzyme; Lhcb, light-harvesting complex b; FGS, ferredoxin-dependent glutamate synthase; ANT1, adenine nucleotide translocator; SPS, sucrose phosphate synthase. *Unidentified ESTs. † In the case of rice, probes were used not only on irrigated rice, but also on pluvial rice. leads to an overestimate of the gene space size, compensating errors arising from i and ii. Although further work will certainly improve the present estimates of gene spaces, it appears that they are sufficiently accurate for the conclusions drawn here to be correct.
RESULTS
Maize probes, listed in Table 1 , produced hybridization signals ( Fig. 1 Table 2 ). The buoyant density determination of the DNA fragments carrying the sequences of interest by the shallow CsCl procedure (14) revealed (see Fig. 2 for an example) a narrower range of values, 1.7020-1.7030 g͞cm 3 (see Table 2 ), which corresponds to 1% GC. This narrower range, compared with the previous estimate of 1-2% (see ref. 4) , is explained by the fact that the shallow CsCl approach has a higher resolving power compared with the Cs 2 SO 4 ͞BAMD fractionation simply because of the higher number of fractions collected. If one takes into account this range and the location of the gene space in the CsCl profile of maize DNA (Fig. 3) , the gene space of maize can be estimated as approximately 17% of the genome (the previous estimate was 10-20%; see ref.
4).
The results obtained for barley and rice genes were basically similar to those just mentioned for maize, yet the following significant differences were found. In rice (both irrigated and pluvial), the gene space covered a range of buoyant densities from 1.7024 to 1.7040 g͞cm 3 , i.e., with bounds that were 0.4-1 mg͞cm 3 higher than those of maize. In barley, the gene space covered a range from 1.7017 to 1.7025 g͞cm 3 , with bounds that were 0.3-0.4 mg͞cm 3 lower than those of maize. The buoyant density ranges correspond to 1.6% and 0.8% GC for rice and barley, respectively. These values indicate that the gene spaces of these plants represent approximately 24% and 12% of the genomes for rice and barley (see Fig. 3 and Table 3 ). Moreover, the sizes of gene spaces are approximately proportional to genome sizes (Fig. 4) .
When the DNA fractions corresponding to the gene space of rice were hybridized on the Cs 2 SO 4 ͞BAMD fractions of barley, the highest hybridization intensities were observed on fractions 5 and 6, which correspond to the gene space of barley (Fig. 5) . Likewise, the cross-hybridizations of the gene space of maize on DNA fractions from rice and barley took place on the gene spaces of these genomes (data not shown). 
DISCUSSION
The results just described deserve several comments. (i) The gene space of maize (neglecting those zein genes that are located in GC-poorer DNA fractions) was independently estimated in previous work (4) and here. In the first case, 20 gene probes were chosen at random; these probes covered almost the whole GC 3 (average GC level of third codon positions of genes) range of maize genes, corresponded to functionally different proteins, and were located on different chromosomes (as judged from the data of ref. 16 ). Using the Cs 2 SO 4 ͞BAMD approach, we estimated that the gene space corresponded to 10-20% of the genome (4). A different experimental approach allowing a higher resolution (14) and a new set of 18 genes, also chosen at random, that cover the whole GC 3 range and are located on different chromosomes now leads to an estimate of the gene space of maize as 17% of the genome. It is worth noting that the higher resolution, due to the larger number of fractions that can be collected with this more recent method, leads to a more accurate, and narrower, estimate of the gene distribution than was previously possible (this is illustrated by the data of Table 2 ) and that the 38 probes used actually allowed a larger number of genes, at least 100, to be tested because of the hybridization of the probes on several members of multigene families.
(ii) The estimates of the gene spaces of other Gramineae investigated were based on the hybridization of cDNAs and expressed sequence tags, most of which corresponded to unknown genes. However, the genes tested were again chosen at random, and their numbers were higher than those of the probes. As in the case of maize, the gene space corresponded almost to the peak of the CsCl profile of total DNA. However, a few genes occupied fractions lower in density than the gene space. Indeed, two rice ((RZ166 and RZ403) and two barley (BCD348 and BCD808) probes localized genes in fractions that were poorer in GC than those corresponding to the gene space (see legend of Fig. 3 ). These sequences are assumed to code for seed storage proteins on the basis of the finding that all genes for seed storage protein genes tested so far, namely the zein genes from maize, the ␣ and ␤ gliadin genes from wheat, and the hordein genes from barley, were previously found to be localized in GC-poorer fractions compared with other protein-encoding genes (3, 4) .
The small differences in buoyant densities shown by the gene spaces of different genomes may be due to slight compositional differences in the gene spaces themselves, as well as to differences in methylation levels. Indeed, methylation of DNA molecules decreases their buoyant densities by 0.7 g͞cm 3 per 1% of 5-methylcytosine (17) (18) (19) , and fractions corresponding to the gene spaces of some of the Gramineae studied here are characterized by different levels of 5-methylcytosine (20, 21) .
(iii) As already stressed in the Introduction, the distribution of maize genes (as well as of the other two Gramineae investigated here) is very different from those of mammalian genes. In a typical mammal, such as humans, coding sequences are distributed over the whole 30% GC range of the genome, and compositional correlations are found between coding and flanking sequences, GC-rich coding sequences being present in GC-rich genome regions and vice versa (5-7). In contrast, in the case of maize, genes having GC levels of 45-75% in their coding sequences and GC 3 values of 25%-100% fit in a gene space covering only a 1% GC range. This indicates a remarkably uniform base composition in 100-to 200-kb regions (namely in regions about twice the size of the DNA molecules) surrounding genes, or gene clusters, and implies the lack of any positive compositional correlation between coding and flanking sequences in the same species. Results obtained for genes from Gramineae (refs. 2 and 3) confirm this lack of correlation. Along the same line, the Gpa1 and Gpc 1 genes of maize, which are GC-rich (62% and 54%, respectively), are surrounded (22, 23) by GC-poor sequences, which have a GC level of about 42%, namely the GC level of the gene space. Because maize retrotransposons (see refs. 24 and 25 for reviews), such as Mu, Ac, and Cin 4, are located within the gene space of maize (4, 26) and Because maize retrotransposons belonging to different families account for more than 60% of the 280-kb Adh1-F region, which is reported to be representative of the maize genome (see the following paragraph), these mobile elements are likely to be very largely responsible for the common, narrow GC range of the compositional compartments forming the gene space.
(iv) The sizes of the gene spaces of the three Gramineae investigated are approximately proportional to the corresponding genome sizes (see Table 3 and Fig. 4) . If one considers that, apart from polyploidization phenomena, genome size essentially varies because noncoding sequences expand or contract, this finding suggests that expansioncontraction phenomena affected to comparable extents the gene-empty regions of the genomes and those corresponding to the gene space, indicating a similar behavior of the intergenic regions, whether in gene-dense or in gene-empty compartments of the genomes. This conclusion fits with the report (26) that the retrotransposons that account for more than 60% of the Adh1-F region also account for at least 50% of the nuclear DNA of maize. (v) The interspecific hybridizations of the gene space of maize on DNA fractions from rice or barley or of the gene space of rice on barley DNA fractions are in keeping with the notion that repeated sequences from different Gramineae do not show homology (9) and that single-copy sequences in the rice genomes are still closely related to those in wheat and barley (10) . The cross-hybridization of gene spaces from Gramineae are, however, very important in another respect. Indeed, these DNA fractions, which comprise many thousands of genes, provide an independent definition of the gene space which adds to, and strongly reinforces, that obtained with individual gene probes.
Finally, the present findings provide an independent line of evidence in favor of the concept of a single basic genome for Gramineae (28) (29) (30) (31) (32) . Also, the finding that wheat genes occur in clusters along chromosomes (33) is in agreement with the observations concerning the gene space. As far as plant genome projects are concerned, they could take advantage of the possibility of cloning, mapping, and sequencing gene spaces that represent only 12-24% of the corresponding genomes. Moreover, the heterologous hybridizations of gene spaces should allow the identification of the chromosomal location of the genome compartments corresponding to the gene space by in situ hybridization of the gene space of one Gramineae on the chromosomes of another Gramineae.
